INFLUENCE OF THICKNESS ON CAVITATION EROSION OF COATING MATERIALS (PROPAGATION OF SHOCK WAVE AND EROSION by HATTORI, Shuji et al.
Third International Symposium on Cavitation, April 1998, Grenoble, France
INFLUENCE OF THICKNESS ON CAVITATION EROSION
OF COATING MATERIALS
(PROPAGATION OF SHOCK WAVE AND EROSION)
Faculty of Engineering
 Shuji  HATTORI 
,  Fukui University, 9-1 Bunkyo 3-Chome, Fukui 910, Japan
                Hiroyuki MORI 
Kobe Steel Ltd, 3-1,  Nishihama 2-Chome, Arai-Cho, Takasago-Shi, Hyogo 979, Japan
             Katsuhiro SHIBATA 
 Fukui Machinery Co. Ltd., 1-8-28 Jiyugaoka, Kanazu-Cho,  Fukui  919-06, Japan
 and Tsunenori OKADA 
Professor Emeritus,  Fukui University
                           ABSTRACT 
  The propagation f stress wave was first analyzedby using 3-layer damping material (first layer:metal, second  layer:plastics, 
third layer:metal). When the thickness of the first layer is lower than a critical value, the intensity of the compressive  wave was 
reduced bythe reflected tension wave mitted from the  boundary between the first metal layer  and the second plastic sheet. This is 
due to the difference in acoustic mpedances between these layers. 
  Cavitation erosion test were  performed on coating materials such as welding deposit materials and plating. The MDPR (mean 
depth of penetration rate)  increased decreased or kept constant as  a  function of the coating thickness depending onthe  combination 
of the acoustic mpedances of the coating and its substrate. The critical thickness was obtained by a quarter the product of the time 
interval of impact load and the sound velocity in the coating. The variation i MDPR, when the coating thickness i  lower than 
the critical thickness, isgiven by the thickness and a reflection coefficient between the coating and its substrate.
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    Cavitation erosion is caused by cyclic impact loads at 
bubble collapse acting on minute area of material surface in a 
very short ime [1]. However, how the impact loads act on 
the surface, resulting in surface fracture, remains unclear. 
Especially, in case of thin components, he pressure wave may 
be reflected at the opposite surface, but the influence of the 
reflected wave on the erosion has not been considered. The 
shock wave at bubble collapse and the propagating stress wave 
into solid have been observed by using holographic ntermetry 
and photoelastic material [2,3]. However, the relation between 
the propagation f stress wave and the erosion has not been 
discussed. The erosion should be evaluated by taking into 
account the propagation of stress wave and the interference 
with the reflected wave emitted  from the opposite surface of 
the component, or from the interface b tween the surface layer 
and the second layer if the material is layered. 
   In this study, the propagation f stress waves was first 
analyzed by using 3-layer material  (first layer: metal, second 
 layer:plastic, third layer:metal). Then, the influence of coating
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thickness of welding deposits materials and a plating on 
cavitation erosion was discussed in terms of the interference 
between the original wave and the reflected wave emitted from 
the interface of the coating and its substrate.
2. SHOCK WAVE PROPAGATION IN 3-LAYER 
DAMPING MATERIAL
2.1 Test material 
    3-layer damping material was used to analyze the 
propagation of stress wave. The damping sheet was 
polyolefin, and the  metals were SS400 (equivalent toASTM 
45 steel), pure copper and pure aluminum. Table 1 shows the 
physical and mechanical properties of the plastic damping 
sheet and the  metals. The acoustic impedance and the sound 
velocity c were defined as  1- (E • p) and  1r (E/  p) 
(E:Young's modules, p :density of material). The acoustic 
impedance of damping sheet is 1/30 to 1/10 that of metals. 
 Figure 1  shows  the  shape and the dimensions  of the  test 
specimen. The first layer and the third layer were the same 
metal, which was glued with the plastic damping sheet as the 
second layer with thickness of 1 mm. The thickness of the 
first layer was changed in the study. In order to discuss the 
influence of thickness of the first layer on cavitation erosion 
from the viewpoint of the propagation f stress wave, the 
piezo electric eramics was mounted near the specimen surface. 
A steel ball (3.2 mm in diameter with a mass of 0.13 g) was 
dropped from heights of 50, 100 and 150 mm. The output 
signal was  recorded with a digital storage oscilloscope.
This specimen is far from the layered amping material, but 
we can imagine that the first and the third layers were 
elongated to clarify the propagation behaviors of the stress 
wave. The detection plate with 3 mm thickness was glued to 
the ceramic disk to obtain the output signal. 
    Figure 2(a) shows the outputwave for T1 (first layer 
thickness) of 100  mm. After a steel ball was dropped, stress 
wave propagates through the detection disk and a compression 
wave is detected as point A. The wave passes through the 
piezo ceramics and reaches the end of the  first layer. Since 
the acoustic mpedance of damping sheet is extremely ow as 
compared with that of the first metal ayer, stress wave is 
reflected asa tension wave like a free end and propagates  o the 
ceramics after 39.1  g s as point B. This tension wave 
propagates upward and is reflected as a compression wave, and 
then reaches the ceramics after 1.2  ,u,  s as point A'. Thus, the 
pressure wave goes and returns back between the upper end of 
the detection plate and the damping sheet, and attenuates 
gradually. 
    Figure 2(b) shows the wave for T1=16 mm. The 
maximum voltage at compression wave A is almost he same 
as that in Fig.2(a), but the tension peak B is observed 
immediately after the compression peak A. The time from 
the peak A to B is shortened with a  decreased thickness ofT1. 
Figure 2(c) is the wave for  T1=3.5 mm. The compression 
peak A and the tension peak B are interfered, and the voltage of 
the resultant peak A is lowered.
2.2 Stress wave propagation by a steel ball drop 
    Figure 2 shows the output signal of piezo ceramics 
obtained from a steel ball drop test at a height of 150 mm. 
The thickness T1 of the first layer is changed in order of 100, 
16 and 3.5 mm, and the third layer has the same thickness.
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   The voltage of compression peak A was  convened into 
impact force by using the calibration equation F(N)=2.18 V. 
Figure 3 shows the relation between impact load and thickness 
of the first layer T1. Parameter h is the height from which a 
steel ball was dropped. The impact load keeps constant 
independently of the thickness T1 more than the critical 
thickness of 16 mm. The impact load decreases below the 
critical thickness.
2.3 Stress wave propagation under cavitation 
    The specimens were exposed to vibratory cavitation. 
The specimen was held statically in close proximity to the 
vibrating disk made of stainless steel with a diameter of 16 
mm. The distance between the specimen and the disk was 1 
mm. The horn frequency was 19.5 kHz and double amplitude 
of the vibrating disk was set at 50  IL  m. The test liquid was 
ion-exchanged water which was kept at  25  ±  1°C. Figure 4 
shows the output signal obtained after high pass filter to 
remove the hydrodynamic pressure. The first layer was made 
of SS400 and the thickness was 20 mm. Similar test were 
 performed for Cu and Al, and the time interval  At was 
obtained. The average of 30 measurements was 1.6  /u s for 
SS400, 2.0  IL s for Cu and 2.1  g  s for Al. These are one 
seventh to one fifth that of a steel ball drop test. 
   The number of impact loads was counted for 1  min by 
using the system reported previously [4]. Figure 5 shows the 
distribution  the SS400 specimen with various thickness  Ti
of the first layer. The distributions are very similar for T1=20 
mm and 8 mm, and the generating umber of large impact 
load decreases with a decreased thickness of the first layer. 
Since the datapoints are scattered near the maximum impact
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load, the average of intensities for 10 large impact loads from 
the largest one was obtained and plotted against thickness of 
the first layer as shown in Fig. 6. The figure includes the 
result for Cu and Al specimens. The impact load is constant 
for T1=3 mm or more, and decreases with a decreased thickness 
below 3  min. The critical thickness is one fifth that for a 
steel ball drop test. This ratio corresponds well with 
difference in the time interval  dt between a cavitation test and 
a steel ball drop test.
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2.4 Cavitation erosion in 3-layer damping 
material 
  Figure 7 shows mass loss curves obtained from an erosion 
test for the specimen without piezoelectric ceramics and 
detection plate. Mass loss was measured by a precision
a
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balance (sensitivity = 0.01 mg). Mass loss curves are very 
similar for T1=20  mm, 8 mm and 3 mm, and the curves are 
lowered for 2 mm and 1 mm. Mass loss rate defined as a 
gradient in a steady-state period are plotted against thickness of
the first layer T1 in Fig.  8, including the results of Cu and Al. 
The mass loss rate is constant above a critical thickness and 
decreases with a decreased thickness. The critical thickness i  
exactly the same as that of impact  load in Fig.6. 
    Concludingly, cavitation impact load and erosion rate 
decrease b low the critical thickness, because the compression 
wave is interfered with the reflected tension wave emitted from 
the boundary between the first layer and the damping sheet.
3. CAVITATION EROSION OF COATING 
MATERIALS
3.1 Test material 
    Cavitation erosion tests were carried out for coating 
materials. That is, coating material and its substrate 
correspond to the first metal layer and the second plastic layer, 
respectively. The chemical compositions, and physical and 
mechanical properties are  listed in Tables 2 and 3, 
respectively. The acoustic impedance of Ni-A is almost the 
same as that of the  SUS304 substrate. The impedances of Ni-
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MDP curves of coating materials
B and Co-A are 1.6 and 1.25 times that of the substrate, 
respectively. On the other hand, the impedances of Cu-A and 
Sn are lower than that of the substrate. The ratios are 0.75 
and 0.5, respectively. Figure 9 shows the shape and 
dimensions of the test specimen. Thin, thick and intermediate 
coatings were prepared for the tests.
3.2 Cavitation erosion test 
   Figure 10 shows the MDP (mean depth of penetration) 
curves instead of mass loss curves, because the material 
density differs. All the materials shows an incubation period 
followed by a steady-state period in which the MDP increases 
linearly. The MDP curve of  Ni-A/SUS304 does not change 
with coating thickness. The curves of  Ni-B/SUS304 are 
lowered with a decreased thickness. The MDP increases for 
 Cu-A/SUS304 and decreases for  Cu-A/A1BC3. 
  The mean depth of penetration rate (MDPR) was defined as 
the gradient of the curve in the steady-state p riod. The 
MDPR is plotted against coating thickness in  Fig.11. The 
behaviors are classified into three categories. That is, the 
MDPR increases, decreases or keeps constant as a function of 
the coating thickness. A critical thickness  T, is observed, 
above which the MDP keeps constant for all coatings. The  T, 
is  2.1 mm for  Ni-B/SUS304, 2.6 mm for  Co-A/SUS304, 1.6 
mm for Cu-A and 1.1 mm for  Sn/SUS304. These values are 
almost he same as that for 3-layer damping materials in 
Fig.9, which ranges from 2 to 3 mm. This allows to suggest 
that the interference of stress waves occurs.
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3.3 Stress wave propagation and erosion in 
coating material 
   Figure 12 illustrates the interference b tween the original 
stress wave and the reflected wave from the interface. Figure 
12(a) is the case that an acoustic impedance Z1 of the coating 
is higher than that of its substrate Z2. The chain line shows 
that a bubble collapse impact load acts on the surface for a 
time interval  A  t. When the coating thickness T1 is smaller 
than the critical thickness  ;, the original wave (chain line) 
propagates and produces a tension wave (dashed line) reflected 
at the interface with its substrate, and thus a maximum of the 
combined wave (solid line) is lower than that of the original 
wave. Figure 12  (b) is the case that the acoustic mpedance Z1
is lower than  Z1. Since the reflected wave (dashed line) is a 
compression wave, the maximum of the combined wave 
(solid line) is higher than that of the original wave. This can 
explain that, when the coating thickness T1 is smaller than the 
critical thickness  Tc, the MDPR decreases, or increases as a 
function of the coating thickness depending on the 
combination f the acoustic mpedances of the coating and its 
substrate.
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  The critical thickness  ; was discussed here.Although the 
time interval  At of various coatings ranged from 1.5  u s to 
2.1  g  s, the  zit was assumed to be a constant of 1.8  it  s 
(average). When the original compression wave reaches the 
interface, some portion is transmitted and the other is reflected. 
The time  necessary for a wave to go and return back is 
shortened with a decreased thickness of coating. If the rise 
time  of the reflected wave is earlier than a half the  time 
interval  t/2 of the original wave, a maximum of the 
compression wave increases or decreases. Therefore, the 
thickness  Tc is obtained by equalizing the  A t/2 to the time 
necessary to go and return back in the coating layer, which is 
given as,
 T(..et•  c  )  /4 (1) 
Figure 13 shows the experimental v lues obtained by the data 
in Fig.6 against the calculated values by substituting  P t and 
c, including the values for 3-layer damping material. A 
straight line is obtained passing through the origin. Thus, the 
critical thickness can be obtained by a quarter the product of 
A t and c. 
  Finally, the influence of coating thickness on the MDPR 
was discussed. When the thickness of coating T1 is smaller 
than the critical thickness  Tc, the combined wave in  Fig.12 is 
responsible for the cavitation erosion. The ratio of the 
maximum impact load F of the combined wave to that  Fo of 
the original wave is given by
 F/F0=1+  a -  4  a  TA  di  •  c),
where a is a reflection ratio of wave at the interface, 
obtained by
(2)
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Since the cavitation erosion is proportional to a square of the 
impact loads [5], the ratio of the MDPR m at thickness 
 (<Tc) to that  m0 at thickness  ; or more is given by,
 mlm0={1+  a-  4  al'  Adt•  c  )}2 (4)
Figure 14 shows the experimental values obtained from 
 Fig.11 against the calculated values using  a  , T,  A  t and c. 
A good linear relation is obtained between the experimental 
values and calculated ones. It is concluded that the influence 
of coating thickness on cavitation erosion can be  determined 
by using the density and the elastic modules of coating 
material and its substrate.
4. CONCLUSIONS
   The propagation of stress wave in solid was analyzed by 
using 3-layer material. Based on the analyses, cavitation 
erosion test were  performed on coating materials such as 
welding deposit metals and plating. The following 
conclusions can be drawn. 
(1) When a compression impact load acts on metal surface of 
3-layer damping material, the stress wave is reflected as 
tension wave at the interface with damping sheet, because the 
acoustic impedance of the sheet is extremely smaller than that 
of the metal. 
(2) The cavitation impact load acting on the surface decreases
 
1  1  4
as the thickness of the first layer T1 decreases below the 
critical thickness  ;, which is about 3 mm irrespective of kind 
of metals. This is because the original compression wave was 
interfered with the reflected tension wave. 
(3) For coating materials, the MDPR (mean depth of the 
penetration rate) increases, decreased or kept constant as a 
function of the coating thickness depending on the 
combination f the acoustic impedances of the coating and its 
substrate. A critical thickness was also observed for the 
coating materials, above which the MDPR kept constant. 
(4) The critical thickness of coating depends on material nd 
can be determined by
 T(zIt•  c)  /4 
where,  tit is the time interval of cavitation impact load, and c 
is the sound velocity in the coating layer. 
(5) The ratio of the MDPR m at thickness T1  (<;)  to that 
 m0 at thickness  ; or more is given by
 mlm0={1+  a  -4  aTil(dt-  c)}2
where a  is the reflection coefficient at the interface between 
the coating and its substrate, and T1 is the thickness of the 
coating. 
(6) The calculated values obtained from (4) and  (5)corresponds 
well with the experimental results. 
REFERENCES
 1.Endo K.,  Okada T., Baba Y.,  1969,"Fundamental  Studies  on 
Cavitation Erosion", Bulletin of JSME, 12, 52:729-737 
2.  Fujikawa S.,  Akamatsu T., 1980, "Effects of the  Non-
Equilibrium Condensation of Vapoir on the pressure wave 
 produced by the collapse of a bubble in a liquid", J. Fluid 
Mech. 97: 481-512 
3.  Tomita  Y.,  Shima  A., J. Fluid  Mech.,1986," Mechanisms 
of impulsive pressure generation and damege pit formation by 
bubble collapse"169:535-564 
4. Okada T. et al., 1995, "Relation between impact load and 
the damage  produced by cavitation bubble collapse", Wear, 
184: 231-239 
5. De M. K.,  Hammitt F. G., 1982,"New Method or 
Monitorring and Correlating Cavitation Noise to Erosion 
Capability",Trans. ASME, J. Fluid Eng. 104: 434-442
